Abstract-The realization of planar wideband bandpass filters with an extremely wide upper stopband is described. The filter design differs from conventional approaches in which it is based on the choice of a wideband bandstop (BS) filter, to which a number of shunt-shorted stubs are connected at specific nodes; the stubs provide transmission zeros at the origin. Two examples of wideband bandpass filters with extremely wide upper stopbands are presented: filters based on a fifth-order Chebyshev wideband BS filter and a pseudoelliptic function ultra-wideband-BS filter. Relative passbands in excess of 100% are achieved, while the equivalent of at least four harmonic passbands is suppressed.
I. INTRODUCTION
I N MANY applications of transmission line bandpass filters, the existence of harmonic responses of passbands is problematic, and a large number of different approaches by which such responses are suppressed have been proposed. In the case of narrowband bandpass filters, various methods include the employment of defected ground-plane structures (DGSs) [1] , corrugated microstrip lines [2] , predefined upper stopband characteristics [3] , with folded stubs to extend the upper stopband [4] , and the introduction of transmission zeros to suppress the upper stopbands [5] . Stub-loaded multimode resonators have been employed in the design of a bandpass filter with enlarged stopband [6] . Interdigital lines and spurlines generally yield wider bandwidths, and harmonic responses are suppressed by DGSs [7] , [8] . Various configurations of ring resonators, together with stubs are also employed [9] - [14] .
The design of a wideband bandpass filter cascaded with a low-pass or pseudo-low-pass filter to remove harmonic responses has the disadvantage of increased size, while spurious responses limit the useful stop bandwidth [15] - [17] .
The integrated connection of a bandpass filter and a low-pass structure eliminates the problem of size. A pseudolow-pass structure has been integrated into a bandpass filter [18] , effectively suppressing the harmonic responses of the bandpass structure. However, the spectrum of eliminated harmonic responses is limited, as the two structures are not harmonically related, i.e., the resonant frequencies of the bandpass and low-pass filters are not harmonic multiples. This causes severe spurious spikes at frequencies well beyond the initial cutoff frequency of the low-pass filter, thus limiting the useful separation between the wanted passband and any unwanted spurious or harmonic responses. This problem is prevalent in most of the previously mentioned designs, wherever the bandpass and bandstop (BS) functions are not harmonically related.
The introduction of shunt-shorted stubs (SSSs) has been used to improve the lower frequency cutoff rate in an ultrawideband (UWB) bandpass filter [19] . A high-impedance line loaded with radial lines forms a low-pass filter with ultrawide stopband [20] , which is transformed to bandpass filter with high upper rejection by the addition of two shorted stubs. A wide passband response has been split into two [21] , and the upper suppressed. Despite a secondary transmission path, only a modest level of suppression is realized. A cascade of sections consisting of unit elements and shunt-connected open and shorted stubs with extended lengths [22] has good passband performance, but spurious spikes degrade the stopband.
In this paper, the design presented is based on a suitable UWB-BS filter, to which transmission zeros are introduced at the origin by the introduction of SSSs at specific nodes. The introduction of the SSSs forms a bandpass response separated from its upper harmonic by an ultrawide stopband. All elements resonate at the same fundamental frequency, or submultiples of it. Two examples are included: one is based on a simple fifth-order Chebyshev BS design and the other is based on a pseudoelliptic UWB-BS filter [23] . A prototype filter, based on the latter, is constructed and evaluated.
II. DESIGN APPROACH An UWB-BS filter is modified by the introduction of transmission zeros at the origin to modify the lower passband of the UWB-BS filter to a bandpass response. The resultant network is termed a composite filter. The width of the stopband between the lower passband and the first-harmonic passband, B S , is determined by the stopband width of the BS filter. This filter has a center frequency f S0 . The BS filter is changed into the composite filter by the introduction of SSSs. These SSSs introduce transmission zeros at the origin, and thus modify the lower passband of the BS filter into a bandpass response. This procedure is shown schematically in Fig. 1 in the frequency domain as follows. 1) Fig. 1 
The cutoff rate of the passband at f U is determined to a large extent by the rate of cutoff of the wideband BS design, due to the flat passband response of the SSSs. This remains true for high values of SSS impedance.
8) The cutoff rate at f L is a function of the length
Nλ 0 /4 and Z 0S of the individual stubs employed to create the transmission zeros at the origin. In practice, only values of N = 1, 2 are realistic. For N = 1, zeros are only formed at 0 and 2 f S0 . 9) The ripple level of the passband of the UWB-BS filter determines the ripple level of the passband of the composite filter. This is independent of the order of filter chosen for the UWB-BS filter. The passband ripple is adjusted by means of the input-output sections to be the same as that of the UWB-BS filter (see examples in Sections III and IV). 10) Note that at f L , f U , and f H are −3-dB frequencies.
III. CHEBYSHEV DESIGN
The design procedure is illustrated by means of a filter with the following specifications: 1) stopband width
2) passband widthB P = 100%; 3) passband ripple 0.1 dB; 4) cutoff rate: fifth-order Chebyshev. A simple fifth-order Chebyshev prototype with passband ripple of 0.1 dB is used as the wideband BS filter. The lumpedelement prototype is converted to a transmission line network through Richards' transform [24] and impedance scaled to 50 . The network is frequency scaled to a cutoff frequency of C = 0.5 [25] to give a stop bandwidth of B S = 141%. Unit elements are next transformed over the distributed elements by Kuroda's transform [25] to obtain the wideband BS filter shown schematically in Fig. 2 ; the element values are given in Table I . Z U 12 -Z U 45 are unit elements, and Z 1 -Z 5 are opencircuited stubs.
In order to realize the passband, three SSSs, Z S1 , Z S2 , and Z S3 , are now connected to this filter, as shown in Fig. 3 . Frequency response of Chebyshev prototype with three SSSs compared to the prototype.
TABLE II MODIFICATION OF THE CHEBYSHEV FILTER
The values of the SSSs are determined through iteration by trial and error. This is very readily achieved, as only two variables need to be chosen. Typically, starting values for Z S1 = Z S2 = Z S3 = 100 are chosen; because of the symmetry, Z S1 = Z S3 . A few iterations yield Z S1 = Z S3 = 110 and Z S2 = 140 , for B P ≈ 100%. Each SSS has a total length of λ 0 /2. The frequency response of the composite filter is compared to that of the Chebyshev prototype in Fig. 4 .
However, the return loss of the passband is very poor at this stage; this is corrected by means of the matching unit elements Z U 00 and Z U 01 . These unit elements are adjusted alternately, until the desired passband return loss is obtained. Slight adjustment of the SSS impedance values might be necessary, if return loss ripples of equal level are desired. Final values are shown in Table II .
The final frequency response of the composite filter is shown in Fig. 5 . There has been a slight shift in the upper cutoff frequency of the passband, but this presents no problem, as the SSSs are employed to obtain the desired passband width. The deviation from the Chebyshev response at the upper cutoff frequency f U is due to the reactive contribution of the SSSs. The cutoff rate is slightly increased, due to the additional transmission zeros introduced at f S0 . The center frequency of the passband, f 0 = 0.231 f S0 , and the band edges of the passband lie at f L = 0.498 f 0 and f U = 1.507 f 0 ; the bandwidth B P = 100.9%.
A conventional bandpass filter would have had harmonic responses at 0.693 f S0 , 1.155 f S0 , and 1.617 f S0 , while the composite filter has a first harmonic response at 1.769 f S0 . The ratio between the band-edge frequencies of the primary and harmonic responses is f H / f U = 5.66, which equates to the suppression of approximately 2½harmonic responses.
IV. PSEUDOELLIPTIC DESIGN
The second example is based on the application of an UWB-BS filter that was previously described [23] , and is a planar structure with A min = −30 dB, A max = −17.6 dB, and a bandwidth of 146%. The element values for the filter are given in Table III [23, Table I ], 1 and the unmodified response of the structure is shown in Fig. 6 . (The performance is almost identical to that of a fifth-order Cauer filter, C0515, = 58°, with a maximum passband ripple of −16.6 dB and a minimum stopband ripple level of −29.6 dB, and exhibits the same very high cutoff rate.) Fig. 7 shows the structure of the composite filter constructed of the UWB-BS filter and two SSSs, Z S1 and Z S3 , each of length λ 0 /2.
The SSSs were chosen to give a pass bandwidth of approximately 100%, and are each shown as two sections of transmission line of λ 0 /4 of the same impedance. In this instance, only two SSSs are introduced, because of the very low impedance of the center stub of the filter. It was necessary to split the center stub into two parallel stubs, leaving no space for the connection of a center SSS.
The introduction of the SSSs once again has a substantial effect on the overall impedance level of the structure. However, the prototype UWB filter has two terminal unit elements, Z U 01 and Z U 34 , and they are adjusted to give a good passband match. The values of Z U 01 , Z U 34 , Z S1 , and Z S3 are given in Table IV . Conventional planar Cauer filters based on lumped-element prototypes and Kuroda-Levy transforms are not realizable for ultrawide bandwidths, as some negative impedances result [23] .
In practice, it was found that little was to be gained with more than three SSSs. Physical restrictions as well as reactive interactions would prevent the addition of more than one SSS per node. Stubs of commensurate length can be added at one node; they then simply become parallel impedance stubs.
All element lengths in both structures are either λ 0 /4, λ 0 /2, or 3λ 0 /4 at the center frequency f S0 , and may be stepped or uniform sections. Open-circuit stubs of such lengths create transmission zeros at f S0 , {0.5 f S0 ± f , 1.5 f S0 ∓ f } and {0.333 f S0 ± f , f S0 , 1.667 f S0 ∓ f }, respectively, where f is determined by the relative impedance values in the case of stepped-impedance open-circuit stubs [23] . In any event, these zeros always lie inside the BS filter stopband, and depending on the zero placement, will create Cauer-like equiripples in the stopband.
V. PHYSICAL STRUCTURE AND MEASUREMENTS A prototype was constructed on RT Duroid 5880 with dielectric constant ε r = 2.2 and dielectric thickness 1.575 mm. The etch layout of the filter is shown in Fig. 7 . (Note that, with the exception of the unit elements Z U 01 , Z U 34 , and the stubs Z S1 and Z S3 , the layout is identical to that of [23] .)
The dimensions of the elements are given in Table V . The overall size of the filter measures 150 mm × 150 mm, while the active region of the filter is 110 mm × 120 mm. While the full-wave analysis was performed on the layout as shown in Fig. 7 , the physically constructed filter was a modification of the structure of [23] , by adding the unit elements Z U 01 and Z U 34 as adhesive-backed copper foil soldered to the original circuit of [23] . Z S1 and Z S3 were attached in the same way. Where the half of each of the latter were bent through 90°in the full-wave analysis, the stubs in the physical circuit were routed to the edge of the board and earthed with copper strips; a photograph of the filter is shown in Fig. 9 .
The measured transmission and reflection performance is compared to the theoretically calculated values in Fig. 10 .
The measured performance deviates from the calculated response in a number of ways. Both the maximum return loss in the passband and the minimum insertion loss in the stopband differ from the calculated values, but the passband and stopband ripples are nominally in the same positions, and the differences are of acceptable magnitude.
The measured values for the upper stopband differ substantially from the calculated performance. The stopband cutoff is very close to the calculated value, but the response of the upper passband deviates substantially. This is due to both dielectric loss and radiation. However, the upper passband is not of any consequence-only the cutoff rate is important.
In the center of the stopband, between 1.5 and 2.5 GHz, the insertion loss exhibits a number of peaks, one of which is reflected in the insertion loss at 1.95 GHz. These unwanted stopband peaks are caused by the fact that no tuning was done on the filter as manufactured; small deviations from the design stub lengths will cause these effects, a phenomenon that is common to all commensurate transmission line filters.
It is clear that no spurious responses occur between the upper edge of the lower passband and the lower edge of the upper passband.
VI. COMPARATIVE PERFORMANCE
The specifications that are relevant to wideband bandpass filters with extended stopbands include passband insertion loss and return loss, and stopband suppression. The rate of change of S 21 at both passband edges is a measure of the selectivity of the passband. The rate at which S 21 rises from −25-to −3-dB band edge, f L , is defined as the slope S L ; similarly, S U is the rate at which S 21 drops from f U to −25 dB. Then
The performance of a number of filters referenced in this paper is compared in Table VI. The narrowband filter [4] has very high values of S L and S U ; this is typical of composite filters with narrow passbands. For wider passbands, the slopes will typically be less steep, as can be seen from a comparison of filters with passbands around 100%. However, the filter described in this paper has a substantially higher S U , due to the Cauer-like cutoff of the BS filter on which it is based. The bandwidth ratio of [20] is substantially better than other filters, but probably comes at the cost of the passband width.
VII. CONCLUSION
The examples described here both use fifth-order UWB-BS filters. In the case of the Chebyshev design, the use of higher order prototypes with wide enough stopband results in structures that are not physically realizable as planar structures, due to extreme impedance levels (both high and low). With a reduced stopband width, higher order designs are realizable, and additional SSSs can be introduced at nodes where convenient. In such instances, additional cascade unit elements might be necessary to achieve a design impedance match.
The proposed composite pseudoelliptic filter provides a very wide stopband above the wide passband, equivalent to suppression of spurious responses.
The composite filters described here differ from most other designs in which inherently no spurious responses are created in the stopband between passband responses. The occurrence of spurious peaks caused by interaction between stopband elements and passband elements is a serious limitation of most other designs. The spurious responses that do occur in this design are due to the fact that the stub lengths have not been properly tuned to resonate at the same frequencies.
The bandpass response of the filter is not caused by a bandpass filter with conventional harmonic responses, but rather by the interaction between the high-pass SSSs and the cutoff slope of the BSF, so that harmonic responses per se are not relevant. However, approximately four harmonic passbands of a conventional wideband bandpass filter would have been suppressed by the composite filter based on a pseudoelliptic prototype.
